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In this work, we demonstrated a compact Q-switched erbium-doped fiber laser capable of generating
high-energy pulses using a newly developed multiwall carbon nanotube (CNT) polyvinyl alcohol
(PVA) thin film based saturable absorber. Q-switched pulse operation is obtained by sandwiching the
thin film between two fiber ferrules forming a saturable absorber. A saturable absorber with 1.25 wt.
% of PVA concentration shows a consistency in generating pulsed laser with a good range of tunable
repetition rate, shortest pulse width, and produces a high pulse energy and peak power. The pulse train
generated has a maximum repetition rate of 29.9 kHz with a corresponding pulse width of 3.49 μs as a
function of maximum pump power of 32.15 mW. The maximum average output power of the Q-switched
fiber laser system is 1.49 mW, which translates to a pulse energy of 49.8 nJ. The proposed method of
multiwall CNT/PVA thin film fabrication is low in cost and involves uncomplicated processes.
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1. Introduction

Of late, the growth in carbon nanotubes (CNTs) im-
plementation for fiber laser systems in producing a
stable pulse laser has attracted significant research
interest. The optical characteristics of the CNT in
nonlinear saturable absorption with ultrafast recov-
ery time andwide bandwidth operation [1–4] indicate
its potential optoelectronics applications, such as
communications, photovoltaic devices, transceiver
devices, microelectronics, and passive optical devices.
For instance, in passive optical device applications,
employment of a CNT-based saturable absorber in

the laser cavity with appropriate configuration
facilitates a stable and least peak-to-peak fluctuation
of the pulse train in repetitive Q-switched operation.

A repetitive Q-switched pulse can be realized
either actively or passively. In active Q-switching,
active loss modulation is achieved by incorporating
an acoustic or electro-optic modulator into the laser
cavity to trigger pulse train formation. Compared
to the active ones, passive Q-switching replaces the
activemodulator with a passive device such as a satu-
rable absorber as a switching device [5,6] in order to
obtain higher pulse energy. Moreover, the complexity
of the fiber laser system can be drastically reduced.

Single-wall carbon nanotube (SWCNT)-based
saturable absorbers have gained great research
interest due to their compactness, low saturation
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intensity, and broad bandwidth [7–11]. However, re-
cently an alternative CNT-based saturable absorber,
which is a multiwall carbon nanotube (MWCNT)-
based saturable absorber has also been studied
due to its intrinsic properties [12]. In comparison
to SWCNTs, the higher mass density of MWCNTs
and their multilayer outer walls tube structure influ-
ence the absorption of photon per nanotubes, which
enhance their ability to generate intense pulses
[13,14]. This ability is further assisted by having
a higher thermal damage threshold than the
SWCNTs, as reported in [13], whereby a damage
threshold of 15.5 and 7.2 KW∕cm2 is achieved for
MWCNTs and SWCNTs, respectively. Ahmad et al.
[15] demonstrated an easy fabrication of MWCNTs-
polyethylene oxide (PEO) polymer composites as a
passive saturable absorber with reduced cost com-
pared to the use of SWCNTs polymer composites.
The recovery time of the MWCNTs is about 200–
300 fs [16,17], which is longer than the reported
recovery time of SWCNTs. In a repetitively Q-
switching regime, usually the pulse width is longer
than the saturable absorber recovery time, thus it
is still worth investigating the performance of
MWCNT-based polymer composites as passive
saturable absorbers in the erbium-doped fiber laser
(EDFL). The MWCNT-based saturable absorber has
been demonstrated in the mode-locking regime in a
solid-state laser [16,17] and recently in theQ-switch-
ing regime in a fiber laser [15]. The performance of
MWCNTs-PEO-based thin film in a Q-switched fiber
laser as reported by [15] with the maximum pulse
energy of 15.3 nJ and shortest pulse width produced
is around 4.5 μs.

In this work, we propose and demonstrate the
fabrication of a MWCNT polymer composites thin
film based saturable absorber with new host
material, polyvinyl alcohol (PVA) in a passively Q-
switched fiber laser system. In comparison to PEO,
PVA has its own intrinsic feature, such as larger
molecular weight distribution, which increases the
mechanical strength of the fabricated thin film.
Apart from that, PVA has higher diffusivity resulting
in better uniformity in thin film formation [18] and
smoother surface MWCNTs polymer composites thin
film. The newly developed MWCNT-PVA-based satu-
rable absorber is capable of producing higher pulse
energy of 49.8 nJ at the repetition rate of 29.9 kHz
with corresponding pulse width as narrow as 3.49 μs.

2. Fabrication of PVA Host Polymer

The diameter and length of the used MWCNT are
approximately 10–20 nm and 1–2 μm, respectively.
At first, the PVA is functionalized so that it becomes
water soluble. It is prepared by dissolving 4 g of
sodium dodecyl sulfate in 400 ml deionized water.
A total of 250 mg of MWCNT powder is added into
the solution and the mixed solution is sonicated
for 60min at 50mW in order to achieve homogeneous
dispersion of the MWCNT. The solution is then
centrifuged at 1000 RPM (revolution per minute)

to remove large particles of undispersed MWCNT
to attain dispersed suspension, which is still stable
for weeks of storage.

The PVA is prepared by dissolving 1 g of PVA
(Mw � 89 × 103 g∕mol) in 120 ml of deionized water
with the aid of magnetic stirrer. The MWCNT-PVA-
based saturable absorber is fabricated by mixing the
dispersed MWCNTs suspension to the PVA solution
in a concentration of 1.25 wt. %. The mixture of
MWCNTs and PVA then undergoes an ultrasonica-
tion process for 1 h to obtain a homogenous
MWCNT-PVA polymer composite suspension, which
is then poured on a Petri dish and then dried in the
ambient temperature for one week to develop a
MWCNT-PVA-based thin film with a thickness of
50 μm. The fabricated CNT-based saturable absorber
thin film is cut into a small piece by 2 mm × 2 mm
and attached to the fiber ferrule with the aid of an
index matching gel before being sandwiched between
the other clean fiber ferrule using a connector. Mea-
sured insertion loss of the fabricated saturable
absorber is around 5 dB at 1550 nm.

The dispersion state of MWCNTs in the PVA
matrix is detected by using field emission scanning
electron microscopy (FESEM) with brand name of
FE-SEM andmodel number of JEOL 7600F. Figure 1
shows the FESEM image of the newly developed
cross section of the MWCNT-PVA film. As observed,
the MWCNTs are clearly well-dispersed in the PVA
matrix. In this work, the concentration of MWCNT
used is 1.25 wt. %. The FESEM image shown in Fig. 1
does not reveal the structure of MWCNT distinctly
due to the high concentration of PVA polymer. As
can be seen from the figure, the circle-like structure
could probably be the round end nanotube observed
in a cross-sectional view. Figure 2 shows the Raman
spectrum of pure PVA film andMWCNTs-PVA-based
film. The Raman spectrum of pure PVA film is
intense at 2915 cm−1. As observed, the Raman spec-
trum of MWCNTs-PVA-based film consists of various
peaks at 1351 cm−1, 1591 cm1, and 2710 cm−1, which
correspond to D, G, and G’ bands. The Raman spec-
troscopy of MWCNTs-PVA film is taken at 532 nm
(2.33 eV) excitation in conjunction with 1800 lines/
mm grating. The D band at 1351 cm−1 originates
from a double resonance process and is attributed

Fig. 1. FESEM image of a MWCNTs-PVA film.
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to the presence of amorphous disordered carbon.
The G band at 1591 cm−1 corresponds to tangential
stretching carbon–carbon (C-C) vibrations on the
nanotube wall plane [19,20]. The G’ peak at
2710 cm−1 originates from two-phonon scattering
phenomena around the K point and around the M
point in the Brillouin zone [21]. The intense peak
at 2892 cm−1 is due to the PVA host polymer. Apart
from that, the radial breathing mode, which occurs at
100–500 cm1 for SWCNTs, is not observed due to re-
striction caused by the outer tubes of the MWCNT.

3. Experimental Setup

Figure 3 shows the Q-switched fiber laser configura-
tion, which employs the newly developed MWCNT-
PVA-based saturable absorber. It consist of 4 m EDF
as the gain medium, which is pumped by a 1480 nm
laser diode through a 1480 nm port of a fused 1480/
1550 wavelength division multiplexer (WDM). Then
the EDF is connected to the input port of a polariza-
tion-dependent isolator, which is an optical isolator
to ensure the unidirectional oscillation within the
cavity. A polarization controller (PC) is incorporated
in the laser resonance cavity to optimize the Q-
switching operation. The propagating light encoun-
ters the saturable absorber formed by sandwiching

the MWCNTA-PVA polymer composites in between
two PC/FC connectors, where Q-switched pulses
are generated.

After passing through the MWCNT-PVA saturable
absorber, 10% of the laser output is extracted by the
of the 90/10 optical coupler, whereby 90% of the os-
cillating laser is fed back into the laser via the
WDM 1480 nm port. Spectral and temporal profiles
of the output spectrum are measured by a Yokogawa
AQ6317 optical spectrum analyzer with the resolu-
tion of 0.02 nm and 500 GHz Le Croy oscilloscope
for the analysis of the pulse characteristics of the
signal.

4. Results and Discussion

In order to investigate the continuous wave opera-
tion of the laser, the system is tested without the
saturable absorber as to determine the minimum
lasing threshold power, giving a value of 5.5 mW.
Next, the MWCNT-PVA saturable absorber is in-
serted into the laser cavity, giving a lasing threshold
of about 8.1 mW. Figure 4 shows the measured
threshold of the laser with and without the saturable
absorber as 8.1 and 5.5 mW, respectively, taken from
the lasing against pump power, with the correspond-
ing slope efficiency of 6.2% and 7.4%, respectively.
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Fig. 2. Unpolarized room temperature Raman scattering spectra
of a pure PVA film (black curve) and MWCNTs-PVA film (blue
curve).

Fig. 3. Schematic configuration of the Q-switched EDFL using
concentration of 1.25 wt. % of MWCNTs-PVA. LD, laser diode;
WDM, wavelength division multiplexer; EDF, erbium-doped fiber;
PC, polarization controller; MWCNT-PVA, multiwall carbon
nanotube-poly(vinyl) alcohol; SA, saturable absorber.

Fig. 4. Lasing output power against the laser diode pump power
at 1480 nm, giving slope efficiency of 6.2% and 7.4% for without
and with saturable absorber.

Fig. 5. Semi-logarithmic plot of the power versus wavelength of a
single Q-switched output pulse for different pump powers.
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The lower slope efficiency and the higher threshold
for the laser system with the saturable absorber is
expected due to absorption losses that occur when
light travels into the saturable absorber. A stable
self-starting Q-switched operation is achieved once
the pump power reaches 18.8 mW.

Figure 5 shows the evolution of Q-switched pulse
laser spectra in accordance with the increase in
pump power. As can be seen in Fig. 5, raising
the pump power will affect the stability of Q-
switched pulse generation. The output spectrum
measurement is taken initially at the lasing thresh-
old of the Q-switched operation, where multiple
peaks of lasing can be observed. At this point, the

recorded repetition rate of the pulse train is
24.4 kHz, which is measured by a photodetector with
the bandwidth of 10 GHz. When the pump power is
raised gradually to 32.15 mW, the laser output
exhibits spectral broadening with a central wave-
length fixed at 1559.9 nm resulting in a stable pulse
train with minimum fluctuation and steady repeti-
tion rate of 29.9 kHz. The temporal behavior of the
pulse is recorded and shown in Fig. 6.

Figure 7 represents the dependency of repetition
rate and pulse width on the pump power. Within this
range of pump power, a stable Q-switched operation
is observed. The repetition rate is detuned from 24.4
to 29.9 kHz with the increase in pump power, con-
firming the intrinsic features of passive Q-switching
of the laser caused by the saturable absorber. Higher
pump power induces shorter time to refill the ex-
tracted energy between two successive pulses result-
ing in higher repetition rate. However, when the
pump power is raised beyond 32.15 mW, the Q-
switching operation starts to become unstable with
noticeable amplitude variations and the output
power starts to decrease. The pump power is re-
stricted not to be over this level to avoid optical
power induced thermal damage on the saturable
absorber.

The recorded pulse width at the threshold of
repetitive Q-switched operation is approximately
7 μs. The pulse width is relatively stretched due to
the long ring cavity, which subsequently gives rise
to a long cavity lifetime. It can be further narrowed
by replacing the EDF with a shorter length and a
higher dopant concentration.

As presented in Fig. 8, with the increase of the
pump power, the pulse width is narrowed to
3.49 μs from 7.06 μs and. Concurrently, it is also ob-
served that the pulse amplitude increases, hence in-
dicating the rise in the pulse energy. This result is
consistent with the theory of saturable absorber pas-
sive Q-switching.

To investigate the correlation between the pump
power and the pulse energy, we measured the aver-
age output power of the repetitive Q-switched pulses
as a function of the pump power. The pulse energy is
obtained by dividing mathematically the average

Fig. 6. Output power versus time of the repetitively Q-switched
laser pumped of 32.2 mW.

Fig. 7. Pulse repetition rate and pulse width against pump
power.

Fig. 8. Output power versus time for single repetitivelyQ-switched pulses obtained for different continuous pump powers P∕p. The pulse
widths (full width at half-maximum) obtained for each pulse are inset. (a) Pp � 18.85 mW, (b) Pp � 22.18 mW, (c) Pp � 25.56 mW,
(d) Pp � 28.83 mW, (e) Pp � 32.15 mW
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output power by the corresponding repetition rate.
As clearly shown in Fig. 9, the average output power
and pulse energy are found to rise linearly against
the pump power, giving a maximum average output
power of 1.49 mW and pulse energy of 49.8 nJ at
maximum pump power of 32.15 mW. The pulse en-
ergy gradually rises up linearly with the pump power
within the detuning range.

5. Conclusion

In conclusion, we have demonstrated a passive and
stable Q-switched pulse using a MWNTs-PVA thin
film based saturable absorber. The film is sand-
wiched between two ferrules and the saturable
absorber is incorporated in the EDFL ring cavity
to generate a Q-switched laser operating in 1.5 μm
regions. The MWCNTs are introduced in the PVA
host polymer, producing a smoother surface and
more uniform thin film compared to PEO. Among
many samples, the saturable absorber with the con-
centration of 1.25 wt. %, of MWCNTs shows a consis-
tency in generating pulsed laser with a good range of
tunable repetition rate, shortest pulse width, and
produces a high pulse energy and peak power. The
improved average output power and pulse energy
are also demonstrated using the saturable absorber.
Besides showing good Q-switching performance, the
MWCNTs PVA polymer composites-based saturable
absorber is easy to fabricate and cheap. This makes
the proposed saturable absorber a suitable compo-
nent for generating a Q-switched laser in the
1.5 μm wavelength region passively.

We would like to thank University of Malaya for
providing the funding for this work under the grant
RU002/2013.
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